Abstract: Phytoestrogens represent a diverse group of non-steroidal natural products, which seem to have some oestrogenic effects and are often marketed as food supplements. Population exposed to phytoestrogens is potentially increasing, in part because an unfavourable risk-benefit profile of Hormone Replacement Therapy (HRT) for prolonged treatments (e.g., osteoporosis prevention) highlighted by the publication of the Women Health Initiative (WHI) trial in 2002, but also because many post-menopausal women often perceived phytoestrogens in food supplements as a safer alternative than HRT. Despite of increasing preclinical and clinical studies in the past decade, appealing evidence is still lacking to support the overall positive risk-benefit profile of phytoestrogens. Their status as food supplements seems to discourage studies to obtain new evidence, and the chance to buy them by user's initiative make it difficult to survey their prevalence and pattern of use. The aim of the present review is to: (a) outline the clinical scenario underlying the increased interest on phytoestrogens, by overviewing the evolution of the evidence on HRT and its main therapeutic goals (e.g., menopausal symptoms relief, chemoprevention, osteoporosis prevention); (b) address the chemical and pharmacological features (e.g. chemical structure, botanical sources, mechanism of action) of the main compounds (e.g., isoflavones, lignans, coumestans); (c) describe the clinical evidence on potential therapeutic applications; (d) put available evidence on their riskbenefit profile in a regulatory perspective, in light of the recent regulation on health claims of food supplements.
THE NEED FOR ADDITIONAL STRATEGIES FOR THE MANAGEMENT OF PERI-AND POSTMENO-PAUSAL SYMPTOMS

The Habits in Hormone Replacement Therapy (HRT) Use Before 2002
Menopause is characterised by amenorrhea due to the cessation of ovarian function. Reduced circulating oestrogen levels can induce unacceptable symptoms that affect the women's health and well-being: at least in the first menopausal year, most women suffer from hot flushes, palpitations, night sweats and mood disturbances, with important implications in life habits.
Hormone Replacement Therapy (HRT) upon appearance of menopausal symptoms was very common, especially in Western Countries, up to 2002. With this approach, the decrease in endogenous synthesis of oestrogens were simply replaced by exogenous hormones in order to limit both shortand long-term consequences of decreased of oestrogen levels. Because of the risk of cell proliferation, especially for *Address correspondence to this author at the Pharmacology Unit, Department of Medical and Surgical Sciences, Via Irnerio, 48, I-40126 Bologna BO, Italy; Tel: +39-051-2091805; Fax: +39-051-2091780; E-mail: fabrizio.deponti@unibo.it some tissues (uterus), combination with progestins was recommended. The availability of different formulations (oral, transdermal, intrauterine) allowed high compliance and consequent wide population coverage. Frequently, women continued treatment, even after the acute phase of symptoms, to obtain supposed advantages on known risks of advanced age, especially osteoporosis and major cardiovascular events.
HRT Benefits and Risks Known Before 2002
Actual benefits, well perceived by women already after short-term use of HRT, were certainly represented by relief in vasomotor symptoms and vaginal discomfort. These effects, especially relief from hot flushes, vaginal dryness, sexual dysfunction and general improvement in quality of life in peri-menopausal symptomatic women were convincingly demonstrated by large Randomized Controlled Trial (RCT) and authoritative reviews [1, 2] . Concerning longterm effects of prolonged use, some additional benefits were already suggested, whereas no alarming data were published before 2002. The role of HRT in prevention of osteoporosis and consequently occurrence of fracture was largely demonstrated [3, 4] .
However, as regards cardiovascular benefits, observational studies provided evidence supporting them [5, 6] , not confirmed by clinical trials [7] [8] [9] . Although there was no support from clinical trials, HRT was considered protective for cardiovascular events on the basis of published data and a patho-physiological relationship between oestrogen levels and atherosclerosis. Venous thromboembolic events already represented an exception: the risk of this event from HRT was well known and previous events or risk factors represented contraindication for HRT use. Another known strong contraindication was previous breast cancer, to avoid oestrogen receptor agonism in this condition.
Publications of Women Health Initiative (WHI) Trial and its Consequences
In July 2002, the first publication of WHI trial results appeared on JAMA [10] and many other original articles followed it [11] [12] [13] to describe the large amount of data obtained from that study. More than 16,000 post-menopausal women with an intact uterus were recruited and randomly assigned to continuous, combined, conjugated equine oestrogen with medroxyprogesterone acetate or placebo, planning 8.5 years of treatment. Evidence for statistically significant increase in cases of breast cancer (8 additional cases per 10,000 person-years) and cardiovascular events (8 additional cases of stroke, 8 of pulmonary embolism and 7 of coronary heart disease) prompted sudden changes in recommendations concerning HRT. The study, however, showed reduced risk for hip fractures (5 saved cases) and colorectal cancer (6 saved cases).
The results of HERS II study (Estrogen/progestin Replacement Study), also published in July 2002, strengthen the lack of cardiovascular benefits of prolonged HRT, in particular for women with previous coronary heart disease [14] .
After the publication of WHI result, many specific warnings appeared around the world [15, 16] and in fact the use of HRT drastically decreased [17] . The most common recommendation was to use HRT only for the short term relief of vasomotor and vaginal symptoms just for a few months (or a few years) from amenorrhea, whereas no prolonged use was recommended because of the unfavourable risk-benefit profile. Post-menopausal women, apart from short-term discomfort, are considered healthy subjects and no risk of prolonged oestrogen exposure should be accepted: prevention of osteoporotic fractures does not justify acceptance of HRTrelated adverse reactions, in the light of their incidence and severity.
There was a fast decline in HRT use since the third quarter of 2002, both in prevalence and incidence [18, 19] , with differences in rate decrease depending from social variables (i.e., ethnicity, income, education) [20, 21] .
Current Knowledge on HRT and Relevant Recommendations
Nowadays, 10 years after the WHI trial publication, a lot of evidence has become available on the risk-benefit profile of HRT, by considering different doses and preparations, specific populations (e.g., > vs. <65-year-old women, intact uterus vs. hysterectomised patients) and comparison with possible alternatives [22, 23] . However, recommendations have not significantly changed in comparison with the version hastily published in July 2002.
Current guidelines suggest that patient history is vital in determining and assessing menopausal symptoms, and patient education is often sufficient to help women cope with their menopausal symptoms. Medication is infrequently required, as is the case of unacceptable vasomotor symptoms or urogenital atrophy; treatment should be individualised and the lowest dose of oestrogen providing relief should be used for the shortest period of time, especially in those women with an intact uterus. Treatment should be reviewed regularly.
Most systemic hormonal preparations increase the risk of venous thromboembolism, cardiovascular disease and breast cancer. Thus, before prescribing HRT, the cardiovascular risk profile and risk of venous thromboembolism and breast cancer should be assessed [24, 25] . Also abnormal vaginal bleeding, impairment in liver function, migraine, history of endometrial or ovarian cancer and gallbladder disease represent conditions requiring caution in HRT use.
Local hormonal treatment can be indicated for vaginal symptoms. Urinary incontinence may be improved with the use of local oestrogen treatment. However, there was little evidence from the trials on the period after oestrogen treatment had finished and no information about the long-term effects of this therapy was given. Conversely, systemic HRT may worsen incontinence.
Finally, HRT is not indicated for primary or secondary prevention of dementia, nor for preventing deterioration of cognitive function in postmenopausal women. Although considered effective for the prevention of postmenopausal osteoporosis, it is generally recommended as an option only for women at significant risk, for whom non-oestrogen therapies are unsuitable [26] .
wellness; relief of menopausal symptoms and prevention of its long-term consequences belong to reasons for using natural remedies and, in particular, phytoestrogens. Their similarity to oestrogens and the thought advantage of vegetal sources caused the rapid increase of their consumption especially in the last decade, no matter what supporting scientific evidence was available on their biological effects. Subsequent sections will describe the main aspects of phytoestrogens, starting from chemical, pharmacological characteristics, to evidence on clinical effects and regulatory status.
CHEMICAL FEATURES AND BOTANICAL SOURCES OF PHYTOESTROGENS
Phytoestrogen is a general term used to define classes of compounds that are non-steroidal and are either of plant origin or derived from the in vivo metabolism of precursors present in several plants eaten by human beings. Phytoestrogens are secondary metabolites that induce biological responses in vertebrates and can mimic or modulate the actions of endogenous oestrogens, usually by binding to Estrogen Receptors (ERs) [28] . Oestrogens influence the growth and functioning of female and male reproductive tissues, maintain both the skeletal and central nervous systems, and provide cardioprotective effects in the cardiovascular system [29] . Considering the numerous effects oestrogens have on the human body, it is not surprising to consider the potential of phytoestrogens for human health.
The ability of plant substances to cause estrus in animals was documented in the mid-1920s.
The recognition of 'clover disease' in Australian sheep in the 1940s led to the investigation of oestrogenic activity of isoflavones. The sheep whose diet was predominately subterranean clover (Trifolium subterraneum L., Fabaceae) suffered from a reproductive disorder that reduced the lambing rates and involved abnormal lactation, changes in the sex organs, and permanent infertility [30, 31] . Indeed, the phytoestrogens are present in green clover and are not present at senescence.
Exposure to phytoestrogens for humans is mainly through diet and we are daily exposed to highly variable amounts of these substances. The oestrogenic plant compounds are widespread in food, including herbs and seasonings (garlic, parsley), grains (wheat, rice), vegetables (soybeans, beans, carrots, potatoes), fruits (date, pomegranates, cherries, apples), and drinks (coffee). Asian populations generally eat large quantities of soy products compared to Western populations, and recent research found that Asian populations have lower rates of hormone-dependent breast and endometrial cancers [32] and lower incidences of menopausal symptoms and osteoporosis than Westerners. On the other hand, Asian immigrants living in Western nations also have increased risk of these maladies as they "Westernize" their diets to include more protein and fat and reduce their fibre and soy intake [33] .
The 3 major classes of phytoestrogens found in typical human diets are isoflavones, which are concentrated in soybeans and soy products, but are also found in other legumes; lignans, which are distributed in seeds, whole grains, berries, fruit, vegetables, and nuts; and coumestans, which are found in broccoli and sprouts. Although their medical importance has been less extensively studied, lignans occur in higher concentrations in US and European diets than do isoflavones.
Isoflavones
Isoflavones make up the most common and well known form of phytoestrogens. Isoflavones are found in a variety of plants, including fruits and vegetables, but they are predominantly found in leguminous plants and are especially abundant in soy (Glycine max). They play important roles in plant defense, exhibit various health-promoting activities, and have attracted great interest from the pharmaceutical and nutraceutical industries as drug target and dietary supplements. Reinli and Block have compiled reference data on the levels of isoflavones found in a variety of food items [34] . In addition, the contents of isoflavones in different soy products (e.g. tofu and soy protein concentrates) vary substantially. For example, processed soy products, such as soy hot dogs and tofu yogurt, may contain only 1/10th the isoflavone content of whole soy beans (0.2-0.3 vs. 2-4 mg isoflavone/g) [35] .
Isoflavones are generated via the phenylpropanoid pathway from the amino acid L-phenylalanine and are generally recognised to be stored as conjugates in the vacuole [36, 37] of soybeans, and then mobilised as required by the tissue in responses to biological events such as germination or infection.
Phenylpropanoids consist of metabolites with the basic building unit C6-C3, including an aromatic benzene ring (C6) and a three-carbon lateral linear chain (C3, a propane), and arise from a common precursor (the essential aromatic amino acid phenylalanine) through a reaction catalysed by the enzyme phenylalanine ammonia-lyase, PAL. PAL catalyses the conversion of phenylalanine into cinnamate ( Fig. 1) , then cinnamate 4-hydroxylase, a cytochrome P450 enzyme, introduces a hydroxyl group at the para position of the phenyl ring of cinnamate and produces 4-coumarate. 4-coumarate CoA-ligase catalyses the final step of general phenylpropanoids pathway, producing the corresponding CoA thiol esters, the p-coumaroyl-CoA. Then, the ubiquitous plant enzyme, chalcone synthase, catalyzes the first step of flavanoid pathway, the condensation of one p-coumaroylCoA and three malonyl-CoA molecules to form the chalcone scaffold (naringenin-chalcone, Fig. 1) ; chalcone isomerase carries out the cyclisation of the chalcone to form the flavanoid core, in particular the flavanone naringenin. Through a legume-specific pathway, isoflavone synthase converts the flavanone to isoflavanone by performing an aryl-ring migration to transfer the aromatic B-ring from position C-2 to C-3, likely with a radical mechanism. After hydroxylation in position C-2, the dehydration of 2-hydroxyisoflavanone occurs to generate the isoflavones [37] .
Two of the major isoflavones found in humans are genistein (4 ,5,7-trihydroxyisoflavone) and daidzein (4 ,7-dihydroxyisoflavone the bound form as glycosides (genistin and daidzin, respectively), but when the sugar residue is removed these compounds become activated and only the aglycones can be absorbed. Consequently, the aglycones show higher and more rapid absorption in the gastrointestinal tract than their glycosides in humans. Despite the good permeability of isoflavones, their oral bioavailability is usually low, and marked first pass metabolism, extensive conjugation and efflux transporter have been cited as the main reasons responsible for their low oral exposure (for reviews on ADME studies see [38, 39] ).
After mammals consume isoflavones, daidzein and genistein are extensively transformed by intestinal bacteria into a variety of metabolites which may exert enhanced or decreased biological activity. In the colonic microflora, daidzein may be metabolised to O-desmethylangolensin (ODma) and equol, and genistein may be metabolised to 6 -hydroxy-O-DMA and hormonally inert p-ethylphenol (Fig. 2) [40] . Daidzein, genistein, equol, and O-DMA are the major phytoestrogens detected in the blood and urine of humans and animals and may have different biological effects than the original isoflavones digested. For example, the conversion of daidzein into equol affords a 30 times more active metabolite. Equol is not equally metabolised in all humans and the ability to produce it varies between individuals [41, 42] . For example, equol is notably present in the blood and urine in some individuals and absent in others. Noteworthy, the prevalence of equol producers among Western adults is 20 to 35 % compared with 50 to 55 % among Asian adults [43] . Several investigators have reported that individual variability in colonic microflora plays an important role in determining the preferred pathways of isoflavone metabolism and the bioavailability of isoflavones [44, 45] .
Lignans
Lignans are widely distributed in the plant kingdom, and play a role in plant growth. Still more important, they play a role in the Western diet, and act as antioxidants in human metabolism. They are present in a wide variety of plant foods, including seeds (flax, pumpkin, sunflower, poppy, sesame), whole grains (rye, oats, barley), bran (wheat, oat, rye), beans, fruits (particularly berries), and cruciferous vegetables such as broccoli and cabbage [46] . Tea and coffee also have some lignans. Flaxseed (Linum usatissimum) is by far the richest dietary source of plant lignans, and lignan bioavailability can be improved by crushing or milling flaxseed [47] . Much lower amounts are contained in sesame seeds, the second most lignan rich food.
Plant lignans are polyphenolic substances derived from phenylalanine via dimerisation of substituted cinnamic alcohols, mostly coniferyl alcohol (Fig. 3) . This reaction is catalysed by oxidative enzymes, and one-electron oxidation followed by free radical resonance distribution leads to oxidative phenol coupling products, where the phenylpropane units are linked by the central carbon (C8) of their side chains. Accordingly, the entry point involves stereoselective coupling of two E-coniferyl alcohol molecules to afford (+)-pinoresinol [48] . Afterward, (+)-pinoresinol is reduced via (+)-lariciresinol to (-)-secoisolariciresinol by NADPH dependent pinoresinol-lariciresinol reductase and subsequently oxidised to (-)-matairesinol. The key enzyme involved in the synthesis of (-)-matairesinol is secoisolariciresinol dehydrogenase, which converts (-)-secoisolariciresinol into (-)-matairesinol by means of the coenzyme nicotinamide adenine dinucleotide (NAD + ) in a hydride transfer process [49] .
Secoisolariciresinol and matairesinol were among the first lignan precursors identified in the human diet and are therefore the most extensively studied. Glycosilation of secoisolariciresinol is accomplished by secoisolariciresinol diglucosyl transferase that appears to be mainly localised in the seed [50] (for example the principal lignan precursor found in flaxseed is secoisolariciresinol diglucoside, SDG).
Pinoresinol and lariciresinol are more recently identified plant lignans that contribute substantially to the total dietary lignan intake. Typically, they contribute about 75% to the total lignan intake whereas secoisolariciresinol and matairesinol contribute only about 25%.
The plant lignans, such as pinoresinol, lariciresinol, secoisolariciresinol, matairesinol, hydroxymatairesinol, syringaresinol and sesamin, are converted in the body to the mammalian lignans known as enterolactone and enterodiol (Fig. 4) , by normally occurring intestinal bacteria [51] .
The concentration of SDG in flaxseeds is 75-800 times higher than that in other foods, and thus intake of flaxseed causes the highest mammalian lignan production [52] .
The biological activity of flax and other plant lignans depends on the presence of certain bacteria in the gut. Some humans appear to lack either the right type or a sufficient number of gut bacteria to convert SDG and other lignans to mammalian lignans. The use of antibiotics may abolish the ability of intestinal flora to produce active phytoestrogen metabolites for several weeks [53] . Smoking and obesity are also associated with a reduction in enterolactone production, while coffee, tea, and of course fibre intake are noted to enhance the production of enterolactone [54] .
The main flax lignan SDG is also an antioxidant. It scavenges for certain free radicals like the hydroxyl ion (•OH) [55] .
Coumestans
Coumestans are another group of plant phenols that show oestrogenic activity, possess a coumarin structure, and are biosynthetically related to isoflavones (Fig. 5) [56] . Coumestans are produced predominantly during germination of legume seeds, but also occur in fodder crops [57] . Although a large number of coumestans have been isolated from plants, only a small number have shown oestrogenic activity, predominantly coumestrol (7,12-dihydroxycoumestan) and trifoliol (4'-methoxycoumestrol) [58] ( Table 2) .
Coumestrol was first reported in 1957 by Bickoff and coworkers as a new phytoestrogen that was isolated from ladino clover (Trifolium repens L., Fabaceae), strawberry clover (Trifolium fragiferum L., Fabaceae) and alfalfa or lucerne (Medicago sativa L., Fabaceae) [31, 59] .
Coumestans are less common in the human diet than isoflavones and lignans. The main dietary sources of coumestans are legume shoots and sprouts, mainly clover and alfalfa, however low levels have been reported in brussel sprouts and spinach [60] . Legumes such as split peas, pinto beans, lima beans, and soybean sprouts also contain small amounts of coumestrol. Furthermore, it has been observed that coumestrol concentrations in legumes increase after insect and fungal attack [61] . 
Mechanism of Action
The ERs bind a large number of compounds that exhibit remarkably diverse structural features. In fact, the ER is probably unique among the steroid receptors in its ability to interact with a wide variety of compounds [62] . ERs belong to the family of nuclear receptors and modulate transcriptions of target genes in a ligand dependent way, which makes them very attractive drug targets. The endogenous oestrogens bind to ERs under physiological conditions, and are associated with a wide range of physiological and pathological pathways [63] . The ER ligands bind to the ligand binding domain (LBD) and induce conformational changes, mainly of the flexible C-terminal helix 12. The rat, mouse and human ER exists as two subtypes, ER and ER , which differ in the C-terminal LBD and in the N-terminal transactivation domain.
The phytoestrogens are believed to work by binding to ERs on cell membranes, much like the body's own steroid oestrogens do. Coumestrol and genistein have been shown to be more potent than any other known phytoestrogen when their in vitro oestrogenic activity was compared with that of the primary female hormone, 17 -estradiol (E2) [64] . Genistein is one of the well-studied phytoestrogens and for it crystallographic analyses and molecular modelling studies were performed.
The ER ligands E2 and genisteine are classified as full and partial agonists, respectively, and stabilize helix 12 in the agonist conformation. The agonists bind to the LBD through H-bonding and van der Waals contacts. Besides the hydrophobic features of the pocket, ligands with a high affinity to ER usually form H-bonds primarily with the side chains of Glu353, Arg394, and His524, as illustrated in Fig. 6 . His524 exerts a pivotal role in maintaining the protein structure in the agonist LBD conformer. Both His524 and Leu525 are geometrically in contact with the agonist ligands in the crystal structures, and are furthermore located on H11, which is closely linked to the essential helix 12. Hence, His524 and Leu525 are involved in ligand binding and allostery, which are intimately involved in the transcriptional activation of ER agonists [65] .
Unlike E2, which displays relatively equivalent potency at both ER subtypes, genistein is a 40-fold ER -selective ligand [66] . As regards interactions made by genisteine with the two isoforms, the phenol group mimics the E2 "A ring", 
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with the phenolic hydroxyl (4'-OH) involved in a hydrogen bonding network between ER residues Glu353 and Arg394 (ER residues Glu305 and Arg346), and a highly ordered water molecule. Another hydrogen bond is formed between the isoflavone 7-OH and N of ER His524 (ER His475). The core scaffold fills the remainder of the primarily hydrophobic pocket.
The results of a study from Manas et al. suggest that the interaction of the genisteine B ring with ER Leu384 relative to ER Met336, and to some extent the interaction of the genisteine 5-OH group with ER Met421 relative to ER Ile373 are capable of contributing significantly to the observed ER selectivity of genisteine (Fig. 7) [66] .
Another study shows the efficacy of activation of the two receptors from the most to the least effective compound. The sequence and the EC(50) were as follows:
In particular, the fact that ER is widely expressed, but not the primary ER in, for example, the uterus (where oestrogenic effects are mediated by ER ) opens up the possibility of targeting other tissues while avoiding certain classical oestrogenic effects.
Most phytoestrogens are found to offer benefits for menopausal symptoms and bone density without carrying the risks of heart disease, coronary artery damage, or peripheral vascular issues [68] .
In addition to their function as phytoestrogens, isoflavones act as potent antioxidants and help in neutralizing the harmful effects of free radicals in tissues. Furthermore, genistein possesses a number of biochemical features that may have influence on cancer cells. In particular, it inhibits protein tyrosine kinase, thereby disrupting signal transduction and inducing cell differentiation, and topoisomerase II, leading to DNA fragmentation and apoptosis. These anti-cancer properties of genistein were also considered in 1995 by the National Cancer Institute (NCI) that recommended genestein for clinical development as a cancer chemopreventive agent. Recently, Klein and King claimed that the concentrations at which such effects occurred were often much higher than the physiologically relevant doses achievable by dietary or pharmacologic intake of soy foods or supplements [69] . The 
inhibitory activities of intracellular enzymes displayed by genistein are not expressed by other isoflavones. This seems to be due to the absence of the hydroxyl group in position 5, which is present in the structure of genistein and appears to be essential for inhibitory activity [70] .
The mammalian lignans are not as potent as the endogenous ligand in their estrogenic activities, they can act as either weak oestrogens or they can oppose the actions of oestrogen, depending on the presence of stronger oestrogens like estradiol. During women's reproductive years, when blood levels of endogenous oestrogens are at their highest, the lignans can bind to the ER and block the actions of endogenous oestrogens. In this case, they act as antagonists. After menopause, the levels of endogenous oestrogens in the blood naturally decrease because the ovaries release less natural oestrogens. In this case, the lignans act like weak oestrogens [71] .
Many phytoestrogens such as lignans, coumestrol, and isoflavonoids are known to be aromatase inhibitors [72] . Aromatase is a member of the cytochrome P450 enzyme family that converts androgens (androstenedione and testosterone) into oestrogens (estrone and estradiol, respectively); high levels of this enzyme are associated with breast, adrenal, and prostate cancers.
Other Oestrogenic Compounds
Flavonoids
Flavonoids are widely distributed in plants as glycosylated derivatives. Recent studies on oestrogenic activity of flavonoids revealed that their oestrogenic potency is 10 2 to 10 5 fold less than E2. The binding of flavonoids to ERs is known to be determined by the position of the OH groups attached to rings A and C that can mimic the OH groups of E2. Therefore, the active molecules reflect the essential basic features that determine oestrogenic activity, that is the exact O-O distance. The OH groups in positions 6 and 4' of flavones, such as in 3,6,4'-trihydroxyflavone (structure 1, Fig.  8) , match the OH groups of E2, while flavonoids with OH groups in positions 7 and 4', such as apigenin (structure 2, Fig. 8), kaempferol (structure 3, Fig. 8 ) and fisetin (structure 4, Fig. 8) , show the lowest activity and quercetin (structure 5, Fig. 8) is not active. However, 8-prenylnaringenin (structure 6, Fig. 8) , also named hopein, a recently discovered flavanone from hops (Humulus lupulus) and beer, demonstrated a higher oestrogenic activity than coumestrol and isoflavones [73] .
Mersereau et al. isolated an ER -selective compound, liquiritigenin (structure 7, Fig. 8) , from the root of Glycyrrhiza uralensis [74] .
Stilbenes
Resveratrol (structure 8, Fig. 8) , the most common and most studied stilbene, is found in a variety of plants and functions as a phytoalexin to protect against fungal infections. The most notable sources of resveratrol are the skin of grapes (Vitis vinifera), red wine and other brightly pigmented fruit juices. Peanuts (Arachis), particularly the papery skin around the nut, and pistachios also contain resveratrol. While resveratrol is most often discussed in terms of its vascular effects (similar to flavonoids), it has been shown to possess some phytoestrogenic activity as well, only reported for the trans isomers of this compound [75] .
PRECLINICAL AND CLINICAL EVIDENCE ON THE EFFECTS OF PHYTOESTROGENS
Search Strategy and Literature Mapping Approach
In this section, we explore and summarise the available literature on phytoestrogens by highlighting past and future potential areas of research on the basis of a critical evaluation of the evidence. Our literature review was performed in the MEDLINE database through a broad search strategy using the following MESH search terms: "Phytoestro- 
Eligible Studies
As of December 23 rd , 2012, 18,474 articles were retrieved. The interest in phytoestrogens exponentially increased during the last two decades, as denoted by the number of articles published since 1945 (Fig. 9) . Notably, a remarkable increase clearly started from 1990 (200 articles per year) and reached a plateau in the period 2006-2011. The characterisation of the articles between "Clinical" and "Preclinical" studies highlighted a shift in the interest towards human investigations, although basic research (i.e., in vivo/in vitro studies) is still fervent in this area. As expected, in the 60-70's, only pre-clinical research was carried out; starting in the 80's, the proportion of clinical studies steadily increased. In the last decade, the publication trend is equally distributed between clinical and pre-clinical evidence.
The reasons subtending the growing interest on phytoestrogens are many-fold and may be summarised as follows: (a) the treatment of menopausa still represents an unmet clinical need both for women and clinicians. Indeed, more than 80% of women who may benefit from hormone therapy are unwilling or unable to start treatment due to various medical reasons [76] ; in addition, up to 70% of them experienced vasomotor symptoms during the peri-menopausal period (up to 20 daily episodes) [77] ; (b) biochemical similarities between phytoestrogens and SERMs with resulting favourable clinical implications (see below); (c) the WHI trial [10] was prematurely interrupted in 2002 for unfavourable risk-benefit profile of hormone therapy, thus causing an increased perception of risk of the available pharmacological treatment (see section 1); (d) phytoestrogens theoretically do not raise the same safety concerns associated with HRT as they are commonly administered without the addition of progestin. Therefore, women have recently resorted to the so-called very popular "natural" alternatives (especially after 2002) [78] and research is now exploring further areas of investigation.
As regards the most important therapeutic uses of phytoestrogens, oncology (47%), cardio-metabolic diseases (18%), menopausal disorders (17%) were the most investigated therapeutic areas, followed by cognitive diseases (4%). When focusing on the systematic reviews and meta-analysis in postmenopausa, 56 studies were initially collected: 19 of them were excluded after manual assessment of full texts/abstracts (e.g., out of scope, inability to obtain definite author's assessment); 39 publications were finally considered eligible and scrutinised in terms of clinical outcomes. Table 3 showed the distribution of these outcomes and provided an overall summary of the potential effect of phytoestrogens (for details see Table 1S in supplementary material, available on the publisher's website). 1945  1947  1949  1960  1963  1965  1967  1969  1971  1973  1975  1977  1979  1981  1983  1985  1987  1989  1991  1993  1995  1997  1999  2001  2003  2005  2007  2009 2011
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As regards recently published RCTs, after the exclusion of 8 studies (conducted on pharmacokinetic aspects), 62 RCTs were finally analysed for clinical outcomes. Relevant PICO information (i.e., Patient/Population, Intervention, Comparison, Outcome) are provided as supplementary material (Table 2S in supplementary material, available on the publisher's website). The majority of RCTs (22/62) were performed on metabolic diseases, followed by aging (12/62), menopausal symptoms (11/62) and bone disorders (7/62). These findings underline that menopausa-related issues still carry important research interest. Notably, more than half of the studies (33/62) investigated diet soy supplements, whereas soy extracts in tablets or topical preparations were explored in 9 out of 62 RCTs. Genistein and red clover were investigated in 8 and 6 studies, respectively.
The most intriguing findings pertain to the fact that phytoestrogens are mostly, if not exclusively, investigated against the use of placebo (including Mediterranean diet, physical exercise life or the additional of milk protein and calcium/vitamin D supplements). Therefore, the question arises whether future ad hoc studies should be designed to compare head-to-head phytoestrogens with HRT. In addition, issues related to the dose and the superiority of a given phytoestrogen (e.g., soy supplements, red clover) warrant clarification.
Key Findings: Areas of Interest and Potential Effectiveness
Before drawing any conclusion, it must be acknowledged that effectiveness of phytoestrogens in all therapeutic areas is difficult to assess because the majority of studies were not designed against an active comparator, namely hormone therapy or any other standard therapy for a given disorder. In addition, individual ability to effectively metabolise phytoestrogens could also contribute to generate conflicting data. By using the same therapeutic groups identified through overall mapping, table 3 highlighted 6 key areas of research: cardiometabolic diseases, aging, menopausal symptoms, bone diseases, cognitive diseases and neoplasms/oncology prevention. Notably, the interest appeared to move from menopausal symptoms and cardio-metabolic diseases (2000) (2001) (2002) (2003) (2004) (2005) (2006) towards the oncological and aging areas. The term "aging" was introduced to distinguish the clear cardio-metabolic effect from the antioxidant properties of phytoestrogens that are also evaluated through alterations of inflammatory biomarkers such as C-reactive protein.
As regards the oncological area, the chemo-protective properties of phytoestrogens have been recently advocated: most studies analysed reduction in breast cancer occurrence in population with high soyfood intake. Among specific compounds, the most consistent protective effects were observed for lignans and breast cancer risk [79] . The common view ascribed the potential protective effects of phytoestrogens against breast cancer to the preference for binding the ER isoform, which predominates in the normal mammary epithelium. By contrast, the isoform is mainly expressed in tumor cells. However, the epidemiological data together with the latest evidence [80] raised doubts on this oversimplified concept: phytoestrogens interfere with a large panel of regulatory proteins and are implicated in epigenetic activity thus causing both promotion and antagonism of carcinogenesis. It is still too early to consider phytoestrogens as a therapeutic choice in oncology; first, we need to fill the gap of knowledge on the mechanism by which these compounds may exert chemo-protective effect. More appropriately, they should be considered as a tool to guide drug development of novel ligands for the treatment of endocrine disrupting diseases including breast cancer.
The interest in the cardio-metabolic area does not appear to be so attractive at the moment, although reviews and meta-analysis demonstrated an overall potential benefit. In particular, a number of mechanisms of action have been recently proposed that may support interest in a potential preventing role of phytoestrogens on metabolic syndrome: down-regulation of pro-inflammatory cytokines, increase in reverse cholesterol transport, increase in insulin activity, energy expenditure and lipolisis [81] . So far, only surrogate markers were included in the clinical studies, such as decrease in lipoprotein blood levels or glycaemia.
Reviews on cognitive diseases are promising, although actual neuro-protective properties are still far to be defined. Indeed, isoflavones could have a dual influences on cognitive functions (i.e. neuronal injury prevention or induction of neuronal apoptosis), therefore further studies are required to establish their actual effect in cognitive diseases [82] .
As regards menopausal symptoms, reviews and metaanalyses disappointingly agreed on the lack of clear benefit of phytoestrogens, recognizing heterogeneity of studies and also a considerable "placebo effect". Eligible literature addressed different issues that may be directly or indirectly related to this paraphysiological status, including vasomotor symptoms (e.g., hot flushes, vaginal atrophy), bone health and sleep disturbances. In particular, the latter is starting to be considered; though limited and preliminary, existing data have raised potential beneficial effect of phytoestrogens on insomnia and cognitive function. It should be recognised that post-menopausal women are particularly affected by sleep disturbances as compared to pre-menopausal phase; in addition, many menopausal symptoms may be the result of actual sleep deprivation. Based on our assessment and considering the latest published evidence [83] [84] [85] , there is still insufficient evidence to support the effectiveness of phytoestrogens (as compared to HRT) in the management of vasomotor symptoms. This is also in line with the 2007 Cochrane review [86] . Nonetheless, hot flushes and vaginal atrophy still represent unmet clinic needs for women because they have a negative impact on quality of life. The magnitude of the problem is important form an epidemiological standpoint: flushes, though more frequent and severe in the perimenopausal and early post-menopausal period, are still a concern in 14.6% and 8.6% of women in their sixties and seventies, respectively [87] . In addition, a large proportion of patients undergoing therapy with tamoxifen or aromatase inhibitors may suffer from vasomotor symptoms and should select a symptom-relieving treatment that should not theoretically compromise the effectiveness of anticancer drugs. Several important research issues emerged and may help in guiding future investigations. For instance, the actual endpoint should be clarified when evaluating hot flushes: studies that focused on the reduction of the intensity rather than fre- quency are more consistent and suggest that phytoestrogens are effective at attenuating rather than alleviating vasomotor symptoms in post-menopausal women. The relative intensity of hot flushes represents an important aspect that is strongly perceived by women. The overall effect on vulvovaginal atrophy requires further investigation, as illustrated by the case of Femarelle ® (see section 4).
Concerning bone health, the SERM-like mechanism of action of phytoestrogens has been advocated as key factor in the potential positive effect on menopausal bone loss. Indeed, a number of molecular effects (inhibition of the osteoclastogenesis and promotion of osteoblastogenesis) have been demonstrated by in vitro/in vivo studies [88, 89] . Our literature analysis, together with the latest evidence [84] , showed that, although favorable effects have been demonstrated on Bone Mass Density and bone turnover markers after six-month treatment in postmenopausal women, the actual effects on fractures and the long-term safety of phytoestrogens need to be established. Based on the available literature, it is impossible to make an accurate estimate of a treatment effect and to make treatment recommendations at this time [88] . Further clinical studies are needed to assess the influence on clinical endpoint such as fractures, factors affecting the magnitude of the beneficial effects and possible interactions with anti-osteoporosis drugs [90] . Therefore, at the current state of knowledge, evidence is insufficient to make recommendations on the actual effect of phytoestrogens on bone health.
Key Findings: Potential Safety Issues
Before drawing definite recommendations on phytoestrogen use, a careful review of their safety profile must be provided. As SERMs, the effects of phytoestrogens on the endometrium warrant vigilant scrutiny. As a matter of fact, the risk of endometrial hyperplasia and carcinoma appeared increased from clinical trials [91] . The most updated metaanalysis performed on 174 RCTs was designed to compare side effects of phytoestrogens with placebo or no treatment.
It was shown that phytoestrogen supplements had only a moderately elevated rates of gastrointestinal side effects such as abdominal pain as well as myalgia and sleepiness [92] . Regional difference was found, with Asian studies showing higher side effect rates than western studies. Side effects were also more common in women over age 55. No association emerged between duration of study and incidence of side effects suggesting no cumulative dose effect with time. Although these key findings are reassuring, the long-term safety profile is still largely unknown. In addition to routine reporting of suspected adverse reactions, active pharmacovigilance activities should be encouraged to clarify the pattern of use and perception of both benefit and risks by women.
Conclusion and Gaps in Knowledge
In summary, we scanned the available evidence on potential therapeutic roles of phytoestrogens, by providing a general direction of clinical research in this field. No attempt was carried out to assess the quality of studies. In addition, a formal systematic review was not conducted because, as already pointed out by several recent systematic analysis, differences in study design (i.e., study population, duration, route, dose of administration, types of phytoestrogens and endpoint) do not allow firm conclusions. Despite a plethora of studies, our literature review highlighted gaps in knowledge and the persistence of unmet clinical needs for women in post-menopausa (e.g., proper treatment of vasomotor symptoms) and researchers (e.g., whether differences exist among products and doses). Moreover, additional therapeutic roles have been recently proposed such as chemoprevention in breast cancer, but require effort in research. Until results from dedicated head-to-head comparative effectiveness studies and long-term safety investigations are not public, we believe that phytoestrogens should be considered only as second-line treatment in post-menopausal women that inadequately respond or do not tolerate to conventional pharmacological therapy.
THE REGULATORY CLASSIFICATION OF PHY-TOESTROGENS
Herbal products can be marketed in several products: differences among countries depend mainly on the way a medicinal product is defined. In the European Union and in the United States, definitions of a medicinal product are very similar and a similar regulatory framework is applied.
Differences in the way herbal products are regulated regard mainly food supplements because: 1) some regulatory authorities have defined positive and negative lists (i.e. lists of botanicals allowed and prohibited in food supplements); 2) the procedure to inform the regulatory authority before placing the product on the market is variable (usually simple notification rather than authorisation is required). This review will refer mainly to current European legislation as an example of the complexity involved in regulating herbal products and will focus on specific issues related to phytoestrogens and their health claims so far submitted to the European Food Safety Authority (EFSA).
In the European Union, herbal preparations can be marketed in medicinal products, food supplements, foods, cosmetics, and so on, and it essentially up to the manufacturer to decide which legal framework to apply depending on the intended use. Products that are presented as having the ability to treat or prevent disease should always be regulated under medicinal law, because therapeutic or prophylactic claims must be proved by appropriate evidence and must obtain marketing authorisation. However, the way herbal medicinal products are licensed and marketed in Europe has changed after the approval of Directive 2004/24/EC [93] , amending Directive 2001/83/EC [94] as regards Traditional Herbal Medicinal Products. Most individual herbal medicinal products continue to be licensed nationally by Member States, but the process for licensing and information on herbal substances/preparations is increasingly harmonised across the European Union.
A subcategory of herbal medicinal products, the so-called 'traditional herbal medicinal products', is introduced. For these, safety needs to be shown, but efficacy does not. Some of them have a long tradition of use: the legislation classifies under this subcategory those herbal medicinal products used for at least 30 years, including at least 15 years within the EU, and intended to be used without the supervision of a medical practitioner and are not administered by injection. An example of herbals used in traditional herbal medicinal products is Mentha piperita L. [95] ; the complete EU list, established by Committee for Herbal Medicinal Products, can be found at the EMA website [96] . At present, to the best of our knowledge, no product containing phytoestrogens intended for use in menopause is included here.
Directive 2004/24/EC was clearly adopted to facilitate marketing of traditional herbal medicinal products through a simpler and less costly registration procedure, while providing the necessary guarantees of quality and safety. The long tradition of these products makes it possible to reduce the need for clinical trials, replaced by documentation indicating that the product is not harmful in specified conditions of use and that its efficacy is plausible on the basis of long-standing experience. Clearly, even long-standing traditional use does not rule out safety concerns and competent national authorities can ask for additional data, when necessary. It is the responsibility of national authorities to decide, on a case-bycase basis, whether a herbal product fulfils the definition of medicinal product. Where a herbal medicinal product is not registered or authorised by 1 May 2011, the product may not be on the EU market [95] .
However, herbal products may be classified and marketed as food supplements, provided that they do not fulfil the definition of medicinal products and comply with Directive 2002/46/EC [97] on food supplements and EC Regulation 1924/2006 on nutrition and health claims made on foods [98] . In other words, products used to restore, correct or modify physiological functions by exerting a pharmacological, immunological or metabolic action should be considered as medicinal products when used to treat, prevent or diagnose a disease; beneficial properties to health in general are not sufficient to define a medicinal product, because this is the case also for food supplements and products with "health claims" (this term should not be confused with the "indication" of a medicinal product).
In the European Union, any health claim must be preapproved before it can be used: approval can be obtained via its submission to the EFSA in the generic procedure that is intended to produce a list of claims (the so-called list of claims under article 13.1 of the Regulation [98] ), such as those regarding the role of a nutrient or other substance in growth, development and body functions or psychological and behavioural functions. These claims do not include those related to child development or health or disease risk reduction and are based on generally accepted scientific evidence well understood by the average consumer. Most claims for plant food supplements have been introduced under article 13.1. However, it must be acknowledged that the evidence so far provided was essentially based on traditional knowledge and not on scientific studies and that this type of evidence is accepted also under the provisions of the traditional herbal medicinal product legislation for the approval of medicinal botanical products. Thus, under current legislation, comparable products containing the same botanicals can be submitted under a fundamentally different procedure, an issue still under discussion by the European Commission.
Examples of scientific opinions of the EFSA Panel on Dietetic Products, Nutrition and Allergies on soy isoflavones under article 13.1 include: a) in 2012, a scientific opinion on health claims related to soy isoflavones and maintenance of bone mineral density and reduction of vasomotor symptoms associated with menopause [99] ; b) in 2011, a scientific opinion on health claims related to soy isoflavones and protection of DNA, proteins and lipids from oxidative damage, maintenance of normal blood LDL-cholesterol concentrations, reduction of vasomotor symptoms associated with menopause, maintenance of normal skin tonicity, contribution to normal hair growth, "cardiovascular health", treatment of prostate cancer and "upper respiratory tract" [100] . In all cases, the EFSA Panel concluded that there was insufficient evidence to substantiate the above claims.
EC Regulation 1924/2006 [98] also considers other types of health claims: a) those under article 13.5, which are based on newly developed scientific evidence and/or for which protection of proprietary data is requested: for these health claims, authorisation is required on a case-by-case basis, following the submission of a scientific dossier to the European Food Safety Authority (EFSA) for assessment; b) those under article 14, which refer to the reduction of disease risk or to children's development or health. EFSA has now adopted its first series of opinions on health claims under Article 14 and these provide information on their scientific substantiation to the European Commission and Member States, which will decide whether to authorise these claims.
Several products from a botanical source (including phytoestrogen) have been already submitted to the EFSA pursuant to article 14. [101] ; 2) in 2010, the EFSA Panel was asked an opinion on a health claim related to soy protein and reduction of blood cholesterol concentrations. The Panel concluded that "a cause and effect relationship has not been established between the consumption of soy protein and the reduction of LDLcholesterol concentrations" [102] ; 3) finally, in 2012, the scientific opinion on a health claim of isolated soy protein and reduction of blood LDL-cholesterol concentrations was, again, negative and stated that "a cause and effect relationship has not been established between the consumption of isolated soy protein (as defined by the applicant) and a reduction in blood LDL-cholesterol concentrations" [103] .
As regards the United States of America, the Food and Drug Administration (FDA) is the regulatory authority for both foods/food supplements and medicinal products and the regulatory framework is similar to the European one. Medical food and food supplements have to meet the standards specified in guidance documents published on the FDA website. These are beyond the scope of this review and the reader is referred to the following documents: a) Draft Guidance for Industry: Dietary Supplements: New Dietary Ingredient Notifications and Related Issues [104] b) Guidance for Industry: Evidence-Based Review System for the Scientific Evaluation of Health Claims -Final [105] .
Thus, as in most European countries, food supplements are not required to seek approval for their products or to register them [106, 107] . The responsibility for ensuring safety is up to the manufacturer and there is no requirement to prove effectiveness. The FDA is responsible to take actions when needed for two basic aspects: a) when safety issues arise after the product has reached the market; b) when the food supplement is claimed by the manufacturer to have properties that make it a medicinal product (the product is promoted as intended for the cure, mitigation, treatment, or prevention of a disease). This has happened recently several times for phytoestrogen-containing products, which prompted FDA intervention through the so-called cyber letters [109] : for example, with red-clover-containing products [109, 110] or soy-derived products [111, 112] .
ONGOING RESEARCH INITIATIVES AND PER-SPECTIVES
From this review, it clear that the potential of phytoestrogens in menopause is of great interest for both patients, clinicians and manufacturers, although there are several key areas deserving attention.
First, the hypothesis that phytoestrogens behave as SERM requires close experimental scrutiny. Affinity for oestrogen receptors provisionally supports the hypothesis that their risk profile for mammary and uterine tissue is lower than that of HRT [62, 68] . Namely, the fact that ER is widely expressed, but, for example, not in the uterus (where oestrogenic effects are mediated by ER ), opens up the possibility of targeting other tissues while avoiding certain classical oestrogenic effects. Accordingly, some phytoestrogens appear to offer some benefit for menopausal symptoms and bone density without carrying the risks of heart disease, coronary artery damage, or peripheral vascular issue [68] .
Second, pharmaceutical and pharmacokinetic aspects deserve specific attention because botanical preparations must be offered to the end-user as standardised as possible as regards their content in phytoestrogens. Bioavailability, dose regimen and duration of treatment should be considered according to the patient's specific clinical needs. As previously discussed, the effectiveness of phytoestrogens is highly variable among individuals, especially when investigating primary clinical endpoints: pharmaceutical and pharmacokinetic properties may largely explain this variability, in particular absorption and distribution to target tissues [113] [114] [115] . As a matter of fact, isoflavones exist primarily in soybeans and in most of soy foods as a complex mixture of glucoside conjugates that are not bioavailable in this form. After ingestion, these glucosides are hydrolysed by both intestinal mucosal and bacterial -glucosidases, thus releasing the aglycones [116, 117] . Therefore, gut bacteria play a key role in the bioactivation of these compounds. S-equol is by far the most abundant active metabolite of daidzein; in humans, its activation is quite variable among adult individuals, with Caucasians producing significantly lower amount of S-equol as compared to Asian populations. Phytoestrogens strongly interact with plasma proteins such as albumin, but only slightly with lipoproteins [118] . This suggests that they may interfere, in the context of poly-therapies, with drug distribution and clearance. Remarkably, because fatty tissues are a major site of storage, unpredictable release of phytoestrogens may occur, especially in women with overweight or lipid excess.
Intestinal conjugation and subsequent excretion is dependent by type I/II enzymes, with subsequent efflux through transporters such as multidrug resistance-associated proteins. Recently, daidzein and genistein have been found to increase function and expression of P-glycoprotein in human intestinal epithelial cells, thus raising concern on potential interactions with concomitant drugs binding Pglycoprotein in intestine [119] . Renal clearance represents another important aspect that carries clinical implications: because kidney is the major elimination route of phytoestrogens, patients with renal disease show increased half-lives of these compounds.
Bioavailability is also influenced by the formulation used: for instance, it was reported that soy isoflavone aglycones are absorbed faster and in higher amount as compared to glucosides. It was also hypothesised that inulin-stimulated bacterial growth induces soybean breakdown and facilitates isoflavone absorption. As a consequence, a variety of pharmaceutical strategies have been developed to improve the solubility and bioavailability of isoflavones (e.g., lipidincorporation in self-microemulsifying formulations or complexation with ciclodextrins) [103] .
Finally, ongoing discussion on regulatory status should clarify those conditions for which a product must comply with legislation of medicinal products (in our opinion, any specific indication should be documented in clinical trials) from other situations when a health claim, according to the food supplement regulation, could be more appropriate. In any case, product development requires clarification of key chemical, pharmacological and pharmaceutical aspects. Several current initiatives worldwide consider as possible targets of phytoestrogens bone loss, atherosclerosis, metabolic syndrome, breast cancer: see, for instance, the large number of studies recruiting or already completed on phytoestrogens (either as food or pure compounds) listed in clinicaltrials.gov [120] . There are also consortia systematically addressing key interdisciplinary aspects of botanical preparations in general, such as the PlantLIBRA project (acronym of PLANT food supplements: Levels of Intake, Benefit and Risk Assessment), co-financed in the context of the 7th EU Framework Program [121] ; this project aims to foster the safe use of botanical food supplements, by increasing science-based decision-making by regulators and food chain operators. This is further proof that only through international cooperation can the quality, efficacy and safety of herbal products be ensured.
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